Epigenetic mechanisms play a major role in heterosis, partly as a result of the remodeling of epigenetic modifications in F 1 hybrids. Based on chromatin immunoprecipitation-sequencing (ChIP-Seq) analyses, we show that at the allele level extensive histone methylation remodeling occurred for a subset of genomic loci in reciprocal F 1 hybrids of Oryza sativa (rice) cultivars Nipponbare and 93-11, representing the two subspecies japonica and indica. Globally, the allele modification-altered loci in leaf or root of the reciprocal F 1 hybrids involved~12-43% or more of the genomic regions carrying either of two typical histone methylation markers, H3K4me3 (>21 000 genomic regions) and H3K27me3 (>11 000 genomic regions). Nevertheless, at the total modification level, the majority (from~43 to >90%) of the modification-altered alleles lay within the range of parental additivity in the hybrids because of concerted alteration in opposite directions, consistent with an overall attenuation of allelic differences in the modifications. Importantly, of the genomic regions that did show non-additivity in total modification level by either marker in the two tissues of hybrids, >80% manifested transgressivity, which involved genes enriched in specific functional categories. Extensive allele-level alteration of H3K4me3 alone was positively correlated with genome-wide changes in allele-level gene expression, whereas at the total level, both H3K4me3 and H3K27me3 remodeling, although affecting just a small number of genes, contributes to the overall non-additive gene expression to variable extents, depending on tissue/marker combinations. Our results emphasize the importance of allele-level analysis in hybrids to assess the remodeling of epigenetic modifications and their relation to changes in gene expression.
INTRODUCTION
Histone octamers, with two copies each of the four H2A, H2B, H3 and H4 core histones wrapped by approximately 147 base pairs of DNA, constitute the basic unit of chromatin in all eukaryotes (Kornberg, 1974; Luger et al., 1997) . The orchestration of spatiotemporal gene expression, which dictates growth and development in both plants and animals, involves the combined action of genetic and epigenetic mechanisms. Epigenetic mechanisms are mediated by the methylation of DNA at cytosine residues and by post-translational covalent modification of histone tails (Jenuwein and Allis, 2001; Henderson and Jacobsen, 2007; Jones, 2015) . Numerous types of histone modifications and combinations thereof, collectively termed 'histone code', have been identified (Kouzarides, 2007; Li et al., 2007; Tan et al., 2011) . The histone markers can be divided into two broad types: those preferentially associate with euchromatin, which hence promote gene expression, such as H3K4me3, H3K9ac, H3K27ac and H3K36me3; and those that mainly lie on heterochromatin, and often repress gene expression, such as H3K27me3 and H3K9me2 (Jenuwein and Allis, 2001; Li et al., 2007; He et al., 2010) .
Extensive studies of both DNA methylation and histone modifications have been conducted in plants, primarily in the dicot model plant Arabidopsis thaliana (Zhang et al., 2006 (Zhang et al., , 2007b (Zhang et al., , 2016c Cokus et al., 2008; Lister et al., 2008; Banaei Moghaddam et al., 2010; Moghaddam et al., 2011; Dowen et al., 2012; Greaves et al., 2012 Greaves et al., , 2014 Stroud et al., 2013; Pikaard and Mittelsten Scheid, 2014; Kawanabe et al., 2016; Lauss et al., 2018 ) and the monocot model plant Oryza sativa (rice) (Li et al., 2008 (Li et al., , 2012 He et al., 2010; Chodavarapu et al., 2012; Hu et al., 2014; Liu et al., 2015; Tan et al., 2016) . This is primarily because both plant species have relatively small genome sizes, welldefined evolutionary histories and phylogenetic framework, and possess high-quality reference genomes and mutant resources, and in the case of rice represents a staple food crop. Apart from the important mechanistic insights gained, accumulated studies have revealed that genome-wide distributions of DNA methylation and histone modifications vary markedly between related species, different accessions or cultivars within a species, as well as within different ecological contexts and under different environments (Swanson-Wagner et al., 2006; He et al., 2010; Moghaddam et al., 2011; Chodavarapu et al., 2012; Greaves et al., 2012; Shivaprasad et al., 2012; Takuno et al., 2016; Zhang et al., 2016c) , emphasizing that epigenetic variation is evolutionarily relevant and bears versatile biological functions.
An important aspect of epigenetic studies concerns inheritance and variation of DNA/histone modifications in a hybrid genome encompassing newly merged distinct subgenomes. Indeed, accumulated studies on the topic have been conducted for DNA methylation (Banaei Moghaddam et al., 2010; He et al., 2010; Chodavarapu et al., 2012; Greaves et al., 2012 Greaves et al., , 2014 Hollick, 2012; Zhang et al., 2016c; Jackson, 2017) , whereas much less is known about histone modifications in F 1 hybrids (He et al., 2010; Moghaddam et al., 2011; Yang et al., 2016) . Moreover, the available studies have been mainly conducted in A. thaliana intraspecific hybrids, except in one case of an interspecific hybrid between A. thaliana and Arabidopsis lyrata, in which H3K27m3 modification and its relationship with chromatin compactness were systematically interrogated by high-throughput chromosome conformation capture (Zhu et al., 2017b) .
Asian cultivated rice (O. sativa L.) has become a model system for both basic and translational agriculture studies in cereal crops. The two cultivars, Nipponbare (NPB) and 93-11, are standard laboratory genotypes representing the two subspecies, japonica and indica, of O. sativa (Huang et al., 2012) . Therefore, these two genotypes and their F 1 hybrids have been widely employed for many aspects of genetic, genomic, epigenetic, and gene expression studies, often with an emphasis on exploring the molecular basis of heterosis (He et al., 2010 (He et al., , 2013 Zhao and Zhou, 2012; Springer and Schmitz, 2017) . Notably, using this system, it was demonstrated that although DNA methylation manifests extensive global remodeling in the reciprocal F 1 hybrids, histone modification of the two typical methylation markers, H3K4me3 and H3K27me3, showed little alteration but largely additive inheritance (He et al., 2010) . It should be noted, however, that this prior study has primarily focused on total-level modifications by each of the histone markers in the reciprocal hybrids, versus parents (He et al., 2010) .
Here, we analyzed epigenetic modifications of the same two histone methylation markers, i.e. H3K4me3 and H3K27me3, as used in the previous study (He et al., 2010) by chromatin immunoprecipitation (ChIP) followed by deep sequencing (ChIP-Seq) in two tissues (leaf and root) of the reciprocal F 1 hybrids between NPB and 93-11. Our much deeper sequencing depth enabled the quantification of modification by each marker at both the total level and the allele level in the two tissues of the reciprocal hybrids, in comparison with either the averaged values of their parents (represented by a constructed in silico 'hybrid') or with the two parents separately. We also validated our ChIP-Seq results by an independent approach, i.e. coupled qPCR/pyrosequencing, for a subset of representative loci, as well as testing possible correlations between globalscale histone methylation modifications and gene expression at both the allele level and the total level in both tissues of the reciprocal hybrids. Our results indicate that at the allele level extensive histone methylation remodeling of both markers occurred in both leaf and root of the reciprocal rice inter-subspecific F 1 hybrids, although large proportions of the allele-level modifications still maintained total-level parental additivity. We demonstrated that a great majority of the non-additive modifications by either marker in both tissues manifested transgressive levels. We show that allele-level alteration in H3K4me3 positively correlates with allele-level gene expression, whereas totallevel alteration of both H3K4me3 and H3K27me3, which albeit affects only small numbers of genes, contributes to overall non-additive gene expression in the reciprocal F 1 hybrids to variable extents, depending on tissue/marker combinations.
RESULTS
Genome-wide profiles of H3K4me3 and H3K27me3 modifications in the parental rice cultivars, NPB and 93-11
To gain insights into the similarity and differences in histone methylation states in the leaf and root tissues between the rice parental lines, NPB (N) and 93-11 (9), we quantified and compared their H3K4me3 and H3K27me3 modification levels. Because these two rice cultivars are standard laboratory strains representing the two subspecies japonica and indica of O. sativa L., their resultant F 1 hybrids are intersubspecific, i.e. are intermediate between intraspecific and interspecific. We performed genome-wide ChIP and used the immunoprecipitated DNAs to generate 16 libraries for Illumina sequencing (Table S1 ). We first checked the quality of our ChIP-Seq data by comparing the data with previously published ChIP-Seq data. We found a general consistency in the comparisons ( Figure S2 ), even though the two sets of data were generated independently. This denotes the adequacy of our data for further analysis. The ChIP-Seq reads were mapped to the rice reference genome MSU7.0 (http://rice.plantbiology.msu.edu/), and only uniquely mapped reads were used for further analysis. Genomic regions enriched for either of the two histone markers were identified using a previously established modelbased analysis of ChIP-Seq (MACS software; Hung and Weng, 2016) . When the two rice genotypes were collectively considered, we identified 22 528 and 28 592 genomic regions as containing enriched modifications by H3K4me3 in leaf and root, respectively, and 11 291 and 11 596 regions as containing enriched modifications by H3K27me3 in leaf and root, respectively (Figure 1a,b) . Because the diagnostic single-nucleotide polymorphisms (SNPs) between NPB and 93-11 were identified previously , we used this information so that comparisons between the two lines can be conveniently conducted using the in silico 'hybrid' (1 : 1 mixture of the parental data), which serves as the most suitable proxy for the real F 1 hybrids.
We defined allele-specific marker-enriched genomic regions as the ChIP-Seq reads in leaf and root of NPB and 93-11, respectively, which were detected either in one allele only or the enrichment level in one allele was significantly higher than that of the other allele (q < 10
À5
, chisquare test). According to these criteria, the numbers of H3K4me3-or H3K27me3-associated genomic regions corresponding to N = 9, N < 9, and N > 9 in each tissue (leaf or root), respectively, were tabulated (Figure 1a,b) . Clearly, the genome-wide histone modifications by H3K4me3 or H3K27me3 display significant differences between the two rice subspecies in both tissues studied, but to variable extents, i.e. being much greater in leaf than in root. We also separately calculated the distributions of the two histone markers in intergenic regions, gene bodies, the 5 0 and 3 0 flanks of transcription start and termination sites of genes, as well as transposable elements (TEs) ( Figure S3 ). We found that, relative to TEs, the majority of histone modification by these two markers mapped to genic regions (including all three constituents: body, and the 5 0 and 3 0 flanks), which ranged from 77.2 to 92.1%. This is Figure 1 . The asymmetrical distributions of enriched H3K4me3 and H3K27me3 modifications between two rice cultivars Nipponbare (NPB) and 93-11, representing the two subspecies japonica and indica of Asian cultivated rice (Oryza sativa L.), respectively, and their reciprocal F 1 hybrids. N = 9 or N F1 = 9 F1 , N > 9 or N F1 > 9 F1 and N < 9 or N F1 > 9 F1 denote equal modification, NPB-specific modification and 93-11-specific modification, respectively, between the parental subspecies or in the F 1 hybrids (defined in the main text). The numbers and their relative proportions of each of the categories are given.
consistent with previous reports in rice (He et al., 2010; Guo et al., 2015; Yang et al., 2016) .
Genome-wide profiles of H3K4me3 and H3K27me3 modifications in the reciprocal F 1 hybrids We compared the allele-level H3K4me3 and H3K27me3 modifications in leaf and root of the reciprocal F 1 hybrids (designated N9 and 9N, with the first letter or number denoting the maternal parent) in relation to their original states in the two parental cultivars, NPB (N) and 93-11(9). The same criteria as for the parents, described above (Figure 1a, b) , were used to tabulate the numbers of H3K4me3-or H3K27me3-associated genomic regions corresponding to N F1 = 9 F1 , N F1 < 9 F1 or N F1 > 9 F1 in each tissue (leaf or root) of the reciprocal rice F 1 hybrids (Figure 1c-f) . This allele-level quantification of the two histone markers in two tissues of the reciprocal F 1 hybrids led to the following observations: (i) there was little difference between the reciprocal hybrids, which applies to both markers in both tissues; (ii) a common change in the hybrids relative to their parents was an overall attenuation of allelic differences in the histone methylation levels, and which again was true for both markers in both tissues. To ascertain whether the same genomic regions have been targeted for attenuation of the histone markers (H3K4me3 and H3K27me3) between the reciprocal hybrids, an intersection analysis was conducted. Results showed that from 89.7 to 95.2% of the still significantly modified regions by a given histone marker for a given tissue were common between the reciprocal hybrids ( Figure S4 ). Together, these results point to few parent-of-origin and cytoplasmic effects in the reciprocal hybrids, and both have been underpinned by common trans-factors on histone modification of the two markers on both alleles, which equilibrates the allele modification levels genome wide by attenuation.
Inheritance and remodeling of allele-level H3K4me3 and H3K27me3 modifications in the reciprocal F 1 hybrids
The overall histone covalent modification levels in an F 1 hybrid might be additive or non-additive relative to those of the parents. In other words, the levels of histone modification by a given marker in hybrids may or may not be equal to the average of the two parents (He et al., 2010; Moghaddam et al., 2011; Yang et al., 2016) . We examined changes in allele-level epigenetic modifications by the two histone markers in leaf and root of the rice reciprocal F 1 hybrids in relation to their original states in the parental lines. First, using the previously compiled diagnostic SNPs between the two parental lines , we discerned the allele reads as either NPB-specific or 93-11-specific in the in silico 'hybrid', and accordingly in the reciprocal F 1 hybrids; second, we normalized the ChIPSeq data as the number of reads per kilobase genic region per million mapped reads (RPKM) within each enriched genomic region for a given histone maker in a given tissue, and presented the differential marker-enriched regions between the in silico 'hybrid' and the reciprocal F 1 hybrids by log 2 FC (F 1 /Mix) using the normalized reads. Genomic regions with a >1.5-fold change of marker level in the hybrids versus that of the in silico 'hybrid' and with an adjusted q of <0.05 were stratified as non-additively altered regions; otherwise, they were considered as additive. We categorized and defined the histone marker-enriched genomic regions in both tissues of the F 1 hybrids, in comparison with those of the in silico 'hybrid', into the following three groups: (i) group I was defined as 'additivity from parental legacy' (sensu Buggs et al., 2014 for gene expression), referring to genomic regions for which the marker states of a given tissue of the NPB and 93-11 alleles in the in silico 'hybrid', including N = 9, N > 9 or N < 9, remained statistically the same in the F 1 hybrids (Figure 2a ,b, black frame); (ii) group II was defined as 'additivity from concerted allelic modification', referring to the genomic regions in which the marker states of a given tissue of the NPB and 93-11 alleles in the in silico 'hybrid', including N = 9, N > 9 or N < 9, were significantly altered in the F 1 hybrids, but in which the marker alterations were tuned in opposite directions for the two alleles (i.e. one was up and the other was down, or vice versa), and as such the total marker level of both alleles in aggregate was statistically still within the range of parental additivity (Figure 2a ,b, blue frame); and (iii) group III was defined as 'non-additivity as a result of disconcerted allelic modification', referring to the genomic regions in which the marker level of a given tissue of the NPB and 93-11 alleles in the in silico 'hybrid', including N = 9, N > 9 or N < 9, were significantly altered in the F 1 hybrids, with both alleles often being tuned in the same direction (i.e. both up or down), and as such the total level of the marker of both alleles in aggregate exceeded the range of parental additivity (log 2 FC > 1.5 and q < 0.05), i.e. manifesting non-additivity ( Figure 2a -d, green frame). We quantified the relative proportions of these three groups of modification-enriched genomic regions in each tissue for each marker in the reciprocal F 1 hybrids. We found the relative proportions of all three groups were highly similar between the reciprocal hybrids for both markers in both tissues, but they differed substantially between the two markers in a given tissue, and between the two tissues for a given marker (Figure 2a,b) .
Specifically, the relative percentages of group I (parental legacy) for H3K4me3 in leaf of the reciprocal hybrids were 57.2% (N9) and 59.7% (9N), whereas for H3K27me3 they were 59.4% (N9) and 57.0% (9N). In contrast with leaf, the relative percentages of group I for H3K4me3 in root were 66.0% (N9) and 65.1% (9N), and for H3K27me3 were 88.4% (N9) and 85.8% (9N) (Figure 2a, b) . This suggests that the inheritance of parental histone modification states to the reciprocal F 1 hybrids for both markers varied between tissues, and in our case, the heritability was appreciably higher in root than in leaf, especially for H3K27me3.
The relative proportions of group II (additivity from concerted allelic modification) for H3K4me3 in leaf of the reciprocal hybrids were 36.5% (N9) and 36.3% (9N), whereas for H3K27me3 they were 17.4% (N9) and 19.7% (9N). The relative percentages of group II for H3K4me3 in root were 16.3% (N9) and 18.3% (9N), and for H3K27me3, were 9.4% (N9) and 12.2% (9N) (Figure 2a, b) . This indicates that concerted allele-specific epigenetic modification remodeling in the hybrids occupies large proportions but is variable both between the two histone markers and between the two tissues. Being tuned in opposite directions, the allele-specific remodeling of genomic regions of this group largely offset each other, thus keeping the total marker level in the hybrids within the range of parental additivity, i.e. statistically non-different from that of the in silico 'hybrid'.
The relative proportions of group III (non-additivity as a result of disconcerted allelic modification) for H3K4me3 in leaf of the reciprocal hybrids were 6.3% (N9) and 4.0% (9N), whereas for H3K27me3 they were 23.2% (N9) and 23.3% (9N). The relative percentages of group III for H3K4me3 in root were 17.7% (N9) and 16.6% (9N), and for H3K27me3 were 2.2% (N9) and 2.0% (9N) (Figure 2a, b) . Because the relatively smaller proportions of group III for both markers (hence it is difficult to present the data in the same panel), we enlarged these sections and displayed them separately (Figure 2c, d) . Apart from the small yet highly variable proportions of group III between markers and tissues, a striking feature was that at the total level the two markers showed contrasting changing trends in leaf, with H3K4me3 being primarily upregulated, but with H3K27me3 being mainly downregulated, relative to those of the in silico 'hybrid' (Figure 2c,d ). The changing trends between the two markers differed less in root, with both being more up-than downregulated, although, in this case, the reciprocals also differed for H3K4me3 (Figure 2c,d) . Collectively, the results suggest that disconcerted allelic epigenetic modifications leading to the overall non-additivity of the histone methylation markers in a hybrid can be very capricious, being remarkably variable between the two tissues and the two markers. Moreover, the tissue-specific modifications in the hybrids were not only in their variable proportions but also in their changing direction (up-or downregulation) .
Given the dramatic differences in allele-level histone modifications by both markers between the two tissues (leaf and root) in the F 1 hybrids for the non-additively modified genes, i.e. the group-III genes (Figure 2 ), we further explored if their dramatically changed epigenetic modification levels (relative to the in silico 'hybrid') might bear differential functional relevance between the two tissues. To test this, we first did an intersection analysis for the group- III genes in which depositions of each of the markers were increased or decreased between the two tissues, and which led to 12 subgroups (Figure S5a, b) . We found substantially more common genes between the two tissues for H3K4me3 than for H3K27me3, and greater numbers of root-specific rather than leaf-specific genes for H3K4me3 ( Figure S5a,b) . We then conducted a gene ontology (GO) analysis using the agriGO toolkit (Du et al., 2010) for the 12 subgroups separately (Figure S5a,b) . As expected, not all subgroups showed enriched GO terms, probably because of insufficient gene numbers. For the subgroups that showed significant enrichment, both shared and distinct, GO terms are found to be enriched by different subgroups. For example, for leaf-specific genes, increased H3K27me3-associated genes are involved in transcription regulation and nitrogen metabolism, whereas decreased H3K27me3-associated genes are enriched for nucleotide binding and kinase activity ( Figure S5c ). For root-specific genes, the increased H3K4me3-associated genes are over-represented by genes involved in transferase activity, oxidative stress response, response to chemical stimulus and enzyme activity ( Figure S5d ). For the common genes, increased H3K4me3-associated genes are involved in transferase activity, whereas decreased H3K4me3-associated genes are enriched for stress and stimulus responses, nucleotide binding and cell death processes ( Figure S5e ). This analysis suggests that the most dramatic histone modification remodeling (leading to overall modification non-additivity) with different markers in the rice inter-subspecific F 1 hybrids may target to different genes in different tissues, but it may also play a common biological role across ontogenic development: that is, altered molecular activity and cellular metabolism in the hybrids relative to their inbred parents.
Major proportions of the total-level non-additive remodeling of H3K4me3 and H3K27me3 modifications lead to transgressivity in the reciprocal F 1 hybrids Analogous to gene expression (Birchler et al., 2003 (Birchler et al., , 2010 Rapp et al., 2009; Grover et al., 2012) , the quantitative epigenetic modification non-additivity in an F 1 hybrid relative to its biparental inbred lines can manifest in two major patterns, i.e. parental modification-level dominance, defined as the hybrid level being statistically equal to one parent but different from the other parent (Rapp et al., 2009) , and transgressivity, defined as the hybrid level being significantly higher than the high parent (HP) or lower than the low parent (LP) (Birchler et al., 2003 (Birchler et al., , 2010 .
Based on the above criteria, we examined the non-additive histone modification changes (i.e. group III, defined in the preceding section) for both markers in each of the two tissues of the reciprocal F 1 hybrids. We found that only small proportions of group-III histone modifications showed modification-level dominance for either parent (NPB or 93-11) for both makers in both tissues of the reciprocal hybrids, which ranged from 12.2 to 20.5% (Figure 3 ). By contrast, 79.5-87.8% of the group-III histone modifications manifested transgressive modification levels for both markers in both tissues of the reciprocal hybrids (Figure 3) . Again, and strikingly, leaf showed contrasting directions of transgressivity for the H3K4me3 and H3K27me3 markers, with H3K4me3 being predominantly upregulated whereas H3K27me3 was mainly downregulated (Figure 3a,b,e,f) . The direction of modification-level transgressivity in the root tissue of the hybrids was not clear-cut, as this was highly variable between the two markers, and, to a lesser extent, also between the reciprocals; however, a notable feature was more upwards than downwards modificationlevel transgressivity for the H3K27me3 marker, and this was the case for both reciprocals (Figure 3c,d,g,h) .
We subjected the two sets of genes (group II and most of group III, i.e. those manifesting transgressivity overall) to GO analyses using the agriGO toolkit (Du et al., 2010) , separately. Results showed that genes of group II with H3K27me3 modification were enriched for GO terms involved in cellular and organismal processes, response to stress and stimulus, and catalytic activities ( Figure S6a ), whereas genes in group II with H3K4me3 modification did not show significant enrichment, probably implying that they were involved in different pathways. Significantly over-representeded genes associated with transgressive histone modifications were involved in diverse metabolic pathways and processes, including development, cellular signaling, reproduction, and biological regulation (Figure S6b) . Probably because the number of H3K27me3-associated genes was small in root (186 in N9 and 165 in 9N), they did not show GO enrichment. Together, GO analyses suggest that altered modification levels by the histone markers at both levels, or either the total level or the allele level, could be functionally relevant if expression of the involved genes is spatiotemporally altered. To test whether the non-additively modified genes by the two histone markers (H3K4me3 and H3K27me3) identified in the rice F 1 hybrids (i.e. group-III genes) might bear some property of evolutionary conservation in either gene identity or functionality, or both, we took advantage of the available locus-specific non-additively modified gene list ( Figure S7a ) by these markers in the Arabidopsis intraspecific F 1 hybrids between accessions Ler and C24, reported recently (Zhu et al., 2017a) . Naturally, we found few conserved gene orthologs for H3K4me3-remodeled genes because they were very small in the Arabidopsis hybrids (Figure S7a) . In contrast, for H3K27me3-remodelled genes there are substantial numbers of overlapping gene orthologs, especially for decreased-H3K27me3 genes (Figure S7a) . We thus subjected the Arabidopsis H3K27me3-increased genes and -decreased genes to GO analyses separately, and found similarly enriched GO terms in both groups ( Figure S7b ) as their rice counterparts ( Figure S7 ). Together, it appears that genomic regions that are prone to modification alteration of H3K27me3, but not of H3K4me3, in plant F 1 hybrids can be evolutionarilyy conserved with respect to both gene identity and functionality.
Both paramutation-like and synergistic allelic trans-interaction mechanisms underlie transgressive histone modifications in reciprocal F 1 hybrids Previous studies in A. thaliana intraspecific hybrids have revealed that a paramutation-like mechanism (Chandler, 2007; Hollick, 2012) , termed trans-chromosomal methylation (TCM) and trans-chromosomal demethylation (TCdM), are primarily responsible for DNA methylation remodeling in intraspecific F 1 hybrids for both the parental differentially methylated regions or DMRs (Greaves et al., 2012) , and methylation-equal regions (Zhang et al., 2016c) . In theory, TCM and TCdM may exert their effects and hence generate modification-level non-additivity in an F 1 hybrid because of an increase in DNA methylation of the LP to resemble the HP or a decrease of methylation of the HP to resemble that of the LP. To test whether and to what extent a paramutation-like mechanism can explain the pervasive transgressive histone modifications for regions exhibiting non-additivity (group III) in the reciprocal rice hybrids found (Figure 3) , we analyzed the allele-specific modification levels for both H3K4me3 and H3K27me3 markers of these genomic regions.
To avoid confounding effects, we only analyzed regions in which modification levels by a given marker in the two alleles of the hybrids showed equal modification levels in a given tissue (i.e. N F1 = 9 F1 ) (Figure 4) , which accounted for 87-99% of the total regions manifesting transgressive modifications (Table S2) . We divided these regions into two categories according to their parental states: category one being those of differential parental modification regions, and category two being those of the same parental modification regions. For category one, we found that the modification levels by both markers in the alleles in leaf or root were either significantly higher than those of the LP, indicating the upregulation of the otherwise lower allele in the hybrids, or significantly lower than those of the HP, indicating the downregulation of the otherwise higher allele in the hybrids (Figure 4) . For category two, we found that, the modification levels by both markers in the alleles in leaf or root were either significantly higher or lower than those of the parents (which are equal) (Figure 4) . Apparently, the changing patterns of category one phenomenologically mimic those of paramutation (Hollick, 2012) , and therefore can be most parsimoniously explained by the previously proposed TCM-and TCdM-mediated mechanisms for the remodeling of DNA methylation in A. thaliana intraspecific F 1 hybrids (Greaves et al., 2012; Zhang et al., 2016c) . Although to an extent the changing patterns of category two can also be explained by TCMand TCdM-mediated mechanisms, as previously proposed for DNA methylation (Zhang et al., 2016c) , we consider that they were more likely to be the result of some kind of positive or negative feedback-based synergistic trans-effects, as hinted recently (Jackson, 2017) , which are different from a paramutation-like mechanism, by definition (Chandler, 2007; Hollick, 2012) .
Inheritance and remodeling of histone modifications in the reciprocal F 1 hybrids were validated by coupled qPCR/ pyrosequencing assay at selected loci
We selected a subset of representative modificationenriched genomic regions for each of the histone markers (H3K4me3 and H3K27me3) and subjected these to validation by an independent approach, i.e. a coupled locus-specific qPCR/pyrosequencing (pyroseq) assay (Zhang et al., 2013) . In total, we selected 44 modification-enriched genomic regions (22 for each marker) as targeted loci for this assay (Tables S3 and S4) , which represented all five possible modification patterns in the F 1 hybrids. The five patterns were illustrated by 14 of the 44 loci as integrative genomics viewer snapshots (Figure 5a,b) , and which were categorized as: (i) inheritance, meaning that the parental modification states represented by the in silico 'hybrid' were faithfully transmitted to the F 1 hybrids, which includes three sub-patterns, i.e. N F1 = 9 F1 , N F1 < 9 F1 and N F1 > 9 F1 ; (ii) HP paramutation-like, meaning the modification levels of both alleles in F 1 hybrids were equilibrated to that of the HP allele; (iii) LP paramutation-like, meaning the modification levels of both alleles in F 1 hybrids were equilibrated to that of the LP allele; (iv) concordant increase, meaning the modification level of both alleles in F 1 hybrids were higher than those of the in silico 'hybrid'; and (v) concordant decrease, meaning the modification levels of both alleles in F 1 hybrids were lower than those of the in silico 'hybrid'. Apparently, (i) represents additivity through parental legacy (sensu Buggs et al., 2014) , and (ii) and (iii) represent additivity through concerted allelic modification, whereas (iv) and (v) represent non-additivity through disconcerted allelic modification, as defined in the preceding sections (Figure 2) . Remarkably, for all 44 loci that were assessed by the coupled pyroseq/qPCR experiments, the ChIP-Seq results were by and large validated (Figure 5c,d ; Figure S8 ), pointing to the reliability and high level of robustness of our ChIP-Seq data and analyses. Transgressive histone modification regions could be divided into two categories: differential parental modification regions (DPMRs) and same parental modification regions (SPMRs). For DPMRs, the modification levels of both alleles in the reciprocal F 1 hybrids were modulated to be equal to either the high parent (HP) or the low parent (LP). For SPMRs, the modification levels of both alleles in the reciprocal F 1 hybrids were modulated to a level that is either higher or lower than that of the parents (which are equal). 2018). We profiled transcriptomes in leaf and root of the reciprocal F 1 hybrids and their parent cultivars (NPB and 93-11). Using edgeR with ≥2-fold changes and a q-value of 10 À5 as cut-offs, we identified differentially expression genes (DEGs) in various pairwise comparisons in each tissue (Table S5) . We also performed a similar analysis of gene expression as that for the histone modifications. As expected, we found large proportions of genes being remodeled in expression at the allele level (Figure 6 ), and which manifested similar patterns as shown by the histone markers, i.e. can also be categorized into three groups (Figure 2) . Specifically, the relative percentages of group I (parental expression legacy) in the reciprocal F 1 hybrids were 53.2% (N9) and 57.2% (9N) in leaf (Figure 6a,c) , and 73.3% (N9) and 72.8% (9N) in root (Figure 6b,d) . The results suggest that the inheritance of parental gene expression status to the reciprocal F 1 hybrids was different between tissues (higher in root than in leaf), consistent with the trend of histone modifications (Figure 2a,b) . The relative proportions of group II (additivity from concerted Figure S8 ). The locus names for the 14 loci are indicated at the bottom of (a) and (b) and to the right of (c) and (d); detailed information for all 44 loci analyzed were given in Tables S3 and S4. allelic expression) were 27.4% (N9) and 28.6% (9N) in leaf (Figure 6a,c) , and 20.9% (N9) and 22.1% (9N) in root (Figure 6b,d ). The relative proportions of group III (non-additivity from disconcerted allelic modification) were 19.4% (N9) and 14.2% (9N) in leaf (Figure 6a,c) , and 5.8% (N9) and 5.1% (9N) in root (Figure 6b,d) . These results indicate: (i) the number of genes showing expression rewiring (groups II and III) in the hybrids was higher in leaf than in root, in contrast to the number of genes showing inheritance (group I), and (ii) for all three expression pattern groups, the reciprocal F 1 hybrids were highly similar in both tissues, which is also in line with the results of histone modifications. We tested whether the allele-specific gene expression was correlated with their corresponding epigenetic modifications by H3K4me3 or H3K27me3 in each of the two tissues of the reciprocal F 1 hybrids. The allele-specific quantified histone modification levels of each marker in each tissue of the reciprocal F 1 hybrids and their corresponding allele-level gene expression were used to calculate the Pearson correlation coefficients. We detected significant positive correlations between levels of allelespecific expression and allele-specific histone modification levels of H3K4me3 for both NPB and 93-11 alleles in both tissues and in both hybrids (Figure 6 ). By contrast, the correlations between allele-specific expression and allele-specific histone modification of H3K27me3 were not statistically significant, although they appeared to demonstrate a negative trend, as expected ( Figure 6 ).
Total-level histone methylation remodeling contributes to non-additive gene expression in the reciprocal F 1 hybrids
We further tested whether the genes showing overall nonadditive expression were correlated with altered epigenetic modification by H3K4me3 or H3K27me3 at the total level in each of the two tissues of the reciprocal F 1 hybrids. Figure 6 . Allele-level inheritance and remodeling of genome-wide gene expression and its correlation with histone modifications in the reciprocal F 1 hybrids. Relative to both parental orthologs (in Mix), the proportions of genes showing allele-level expression patterns representing parental legacy, additivity from concerted allelic remodeling and non-additivity from non-concerted remodeling in a given tissue of a given F 1 hybrid was depicted by heatmaps. The allele-level gene expression was then calculated for Pearson correlation coefficients with each of the two histone markers (H3K4me3 and H3K27me3). Gene expression and histone modification of each sample were quantified and normalized by the number of reads per kilobase genic region per million mapped reads (RPKM). All xaxes denote allele-specific histone modification levels of each marker (allele-specific quantified RPKM values) and all y-axes represent allele-specific gene expression levels (allele-specific quantified RPKM values). Panels (a), (b), (c) and (d) refer to leaf of hybrid N9, root of N9, leaf of 9N, and root of 9N, respectively. Specifically, we asked whether in the hybrids there is a higher probability for genes showing non-additive total expression to have their histone methylation remodeled than genes showing additive expression. For this purpose, we classified all the expressed genes in a given tissue of the hybrids into three categories based on their total expression levels in relation to those of the in silico 'hybrid', and intersected the genes within each category associated with each marker, H3K4me3 or H3K27me3. Specifically, the three gene categories are: additive-expressing genes, non-additive upregulated genes and non-additive downregulated genes. We found: (i) increased H3K4me3 showed significant correlations with the nonadditive upregulated genes in both tissues of the reciprocal F 1 hybrids (Figure 7a-d , hybrid/mix ratios shifting right, P < 2.2e-16), whereas changes of H3K4me3 did not show correlations with the non-additive downregulated genes (P > 0.05), except in the root of one hybrid (N9) (P < 0.05) ( Figure 7a-d) ; (ii) decreased H3K27me3 showed moderate but also significant correlations with non-additive upregulated genes in leaf of both hybrids (Figure 7e ,f, hybrid/mix ratios shifting right, P < 0.05), whereas changes of H3K27me3 did not show a correlation with non-additive downregulated genes in leaf (Figure 7e ,f; P > 0.05); (iii) decreased and increased H3K27me3 showed significant correlations with non-additive upregulated genes and nonadditive downregulated genes, respectively, in root of both hybrids (Figure 7g ,h, hybrid/mix ratios shifting left and right, respectively, P < 0.05). Collectively, it can be concluded that total-level histone modification by both methylation markers, H3K4me3 and H3K27me3, albeit affecting just a small number of genes, contributes to non-additive gene expression in the F 1 hybrids of rice subspecies, but that modification of H3K4me3 plays a more important and general role than modification of H3K27me3 with respect to the strength of correlation and tissue specificity.
As DNA methylation also underwent extensive remodeling in the same set of rice hybrids (He et al., 2010; Chodavarapu et al., 2012) , probably as a result of 'epigenetic shock' (Greaves et al., 2015; Zhu et al., 2017b) , it is of apparent interest to compare the relative contributions of histone modification remodeling versus that of DNA methylation to the overall non-additive gene expression in F 1 hybrids. To test this, we performed a similar analysis as that for the histone markers using the whole-genome methylome data that were generated from the same tissue at similar stage (seedling leaf) of the same rice hybrids and parents (Chodavarapu et al., 2012) . We quantified the DNA methylation levels of the three sequence contexts, CG, CHG and CHH, for the three categories of genes described above, and analyzed the correlations between the contextual changes of DNA methylation and gene expression. Results showed that there are no appreciable differences among the three gene categories showing contrasting expression patterns (additive, non-additive upregulation or non-additive downregulation) with respect to their Figure 7 . Total-level histone methylation remodeling contributes to non-additive gene expression in the reciprocal F 1 hybrids. The expressed genes were classified into three categories: additive-expressing genes (black lines), non-additive upregulated genes (red lines) and non-additive downregulated genes (green lines) in the reciprocal hybrids. Expression is considered as associated with histone modification if more than half of its upstream 2 kb or transcribed region overlaps with histone modification-enrichment regions. Ratios of histone modification in the hybrid over the parental average indicate the variance of gene expression among genes enriched with histone modifications by a given marker in a given tissue of the hybrids. P values are based on Wilcoxon tests between non-additive up-or downregulated genes and additive expressing genes. correlations with changes of DNA methylation in the F 1 hybrids ( Figure S9 ). Collectively, our results suggest that although histone modification (H3K4me3 and H3K27me3) remodeling contributes to the overall non-additive gene expression in rice F 1 hybrids, DNA methylation does not seem to play a major role. This is consistent with recent findings in Arabidopsis intra-and interspecific F 1 hybrids that DNA methylation remodeling does not directly impact gene expression (Greaves et al., 2015; Zhu et al., 2017b) .
DISCUSSION
Heterosis, or hybrid vigor, refers to the fascinating phenomenon that F 1 hybrids of two inbred lines often perform better in multiple phenotypes than both parents or the average thereof. Heterosis has been used with great success to increase agricultural production in many crops such as Zea mays (maize) and rice, but our understanding of its molecular basis remains incomplete (Chen, 2013; Schnable and Springer, 2013) . It is widely thought that parental genetic distance acting via one or more of the classic models -dominance, overdominance and epistasis -is a positive predictor of the degrees of heterosis (Chen, 2013; Schnable and Springer, 2013) . Although broadly true, these genetic models cannot explain heterosis in all cases or to the full extent. For example, hybrids between different ecotypes of A. thaliana show strong heterosis in biomass and seed yield, but the ecotypes have little genetic differentiation . Recent studies have indicated that epigenetic mechanisms and non-coding small RNAs play important roles in heterosis (Ni et al., 2009; Chen, 2013; Greaves et al., 2015; Shen et al., 2017) . This is consistent with findings showing that altered expression of many genes in hybrids versus parents, often manifesting as non-additive and sometimes transgressive expression, is more closely related to heterosis than genetic distance in itself (Springer and Stupar, 2007; Chen, 2013) . Because gene expression is regulated by both genetic and epigenetic mechanisms, it is suggested that epigenetic interaction and remodeling in the hybrids versus parental lines may explain a significant proportion of altered gene expression, and hence underlies heterotic phenotype manifestations (Chen and Zhou, 2013; Greaves et al., 2015) .
Indeed, accumulated studies in several plants, including A. thaliana (Greaves et al., 2012; Yang et al., 2016; Zhu et al., 2017b) , rice (He et al., 2010; Zhao and Zhou, 2012; Chen and Zhou, 2013) , maize (Springer and Stupar, 2007; Zhao et al., 2007) and sorghum (Zhang et al., 2007a) have shown that DNA methylation undergoes extensive repatterning in F 1 hybrids. It was found that substantial proportions of genomic regions in parental alleles with either the same or different DNA methylation levels may undergo repatterning in a hybrid, culminating to non-additive levels (Greaves et al., 2012; Guo et al., 2015; Zhang et al., 2016a, c; Zheng et al., 2016) . Whereas in some of the studies only changes in the total methylation level have been assessed in hybrids versus their corresponding parents (He et al., 2010; Moghaddam et al., 2011) , in others, allele-specific epigenetic modifications were analyzed by using diagnostic SNPs between the parents (Greaves et al., 2012; Yang et al., 2016; Zhang et al., 2016c) . Studies in F 1 hybrids at the level of alleles are particularly revealing, given substantial portions (depending on genetic similarity and phylogenetic relatedness of the parents involved) of their corresponding parental orthologs could have been differentiated in function and/or spatiotemporal expression. As such, altered modifications of alleles in an F 1 hybrid may lead to variable expressional partitioning, with important functional consequences in growth, development, seed yield and response to environmental conditions, leading to heterotic performance Gardiner et al., 2015; Guo et al., 2015; Zhang et al., 2016a,b) . Furthermore, epigenetic modification change at the allele level does not necessarily lead to non-additive changes at the overall level, as shown in this study and discussed below.
Relative to DNA methylation, much less is known about histone modifications in plant F 1 hybrids (Moghaddam et al., 2011; Yang et al., 2016) . The available studies have been mainly conducted in A. thaliana intraspecific hybrids (i.e. parented by different ecotypes or laboratory strains within A. thaliana) and one case of interspecific hybrid focusing on chromatin compactness (Zhu et al., 2017b) . Although some discrepant results were reported by different studies involving different developmental stages and tissues, in general these studies converged to the conclusion that histone modifications are strikingly less dynamic than DNA methylation, especially in intraspecific F 1 hybrids, and largely show additive inheritance. This overtly stable inheritance applies to both total modification levels (i.e. the modification level in the hybrids was equal to the average of their parents) and to allele levels (i.e. allelic modification levels mirror parental legacy). For example, in two F 1 hybrids of different accessions of A. thaliana, only very limited and stochastic loci showed overall modification levels of H3K4me2 and H3K27me3 as deviated from the expected parental additivity, whereas the genome-wide distribution of both markers manifest mainly stable inheritance (Moghaddam et al., 2011) . Similar observations were made by several other studies in A. thaliana intraspecific hybrids, although in some of these studies, non-additive histone modifications were detected in slightly larger numbers of localized genomic regions or specific genes .
In contrast to the aforementioned studies primarily concerning A. thaliana intraspecific hybrids, we show here that, at the allele level, extensive histone methylation remodeling occurred genome wide in the reciprocal F 1 hybrids of rice cultivars, NPB and 93-11, respectively, representing the two subspecies japonica and indica of O. sativa L. The allele-modified loci in leaf or root of the reciprocal F 1 hybrids involved approximately 12-43% or more of the genomic regions associated with either of the two typical histone methylation markers H3K4me3 (>20 000 genomic regions) and H3K27me3 (>10 000 genomic regions). Note that the majority (from approximately 43% to >90%) of the loci that showed allele-level modifications was still within the range of parental additivity at total modification levels through concerted modification alteration in opposite directions in the hybrids, and this is consistent with an overall attenuation of allelic differences in the modifications.
The differences between our results of this study concerning inter-subspecific rice hybrids and those in A. thaliana intraspecific hybrids may suggest that the extent of genetic and epigenetic divergence between the parents plays an important part in determining the stability versus remodeling of histone modifications in the resultant F 1 hybrids. That said, the question arises as to how can we reconcile our results with those of the previous study (He et al., 2010) , which used the same reciprocal inter-subspecific rice F 1 hybrids and also assessed the same two histone methylation markers, which reported the predominant stability of both histone markers? Actually, there is no discrepancy between these two studies. The previous study has primarily focused on the analysis of modifications at the total level. Therefore, for loci that underwent allele-level remodeling but still maintained additive modification at the total level (defined as group II in this study) in the hybrids cannot be distinguished from those that manifest parental legacy (defined as group I in this study). Given that the genomic regions that did show total nonadditive modification (defined as group III in this study) are of small proportions, naturally, the majority of the genomic regions would show total modification levels within the expected parental averages.
Could the type of group-II histone modification (additivity at the total level but remodeling at the allele level) be functionally meaningful? As discussed above, the answer is yes because alleles in the F 1 hybrids, being derived from different subspecies, may have differentiated in function and/or spatiotemporal expression in the course of growth and development, as well as in response to environmental cues, because they have adapted to contrasting climatic conditions, subtropical versus temperate, under strong artificial selection (Huang et al., 2012) . As a result, allelelevel remodeling of the histone markers in the hybrids, even without invoking total-level variation, may impact allele-specific gene expression, and hence contribute to the manifestation of multiple phenotypic traits, i.e. heterosis. In support of this possibility, our GO analysis showed that genes representing this modification group are overrepresented by specific functional terms, including transcription regulator and factor activity, response to stress and stimulus, and biosynthetic and metabolic processes. Our results thus emphasize the importance of allele-level analysis in hybrids to assess the remodeling or stability of epigenetic modifications.
Another striking observation of this study is that, of the genomic regions that did show non-additivity in total modification levels by either marker in the two tissues, >80% manifested transgressivity. Importantly, genes of this modification category were enriched in several distinct GO terms, including enzymatic activity, sugar binding, transcription regulator activity and ATP binding, which conceivably can contribute to the heterotic phenotypes of plant height, biomass and tiller number, which are characteristic of the inter-subspecific rice hybrids.
Our results showed that at the allele level, alteration in H3K4me3 was positively correlated with changes in gene expression across the whole genome, whereas no correlation with gene expression was found for H3K27me3, and this is consistent with previous findings (Guo et al., 2015) . Importantly, although the group-III genes manifesting predominantly transgressive total modification levels affected only small numbers of genes (relative to the group-I and -II genes), their enriched modifications by either markers may corelate with the overall non-additive gene expression, depending on the marker/tissue combinations, suggesting that this group of genes might be particularly relevant to the heterotic preformation of the rice F 1 hybrids. The observation that genomic regions that are prone to modification alterations by H3K27me3 in F 1 hybrids of rice and those of Arabidopsis (Zhu et al., 2017a) can be evolutionarily conserved in both gene identity and functionality further corroborates this possibility. Further studies are needed to pinpoint the critical genomic regions or genes individually, and to explore why they are prone to allele-specific remodeling by a given histone marker in F 1 hybrids, how the altered modifications may directly dictate altered expression at allele and total levels, and how and to which extent they contribute to heterosis.
EXPERIMENTAL PROCEDURES Plant materials
The F 1 hybrids were generated by reciprocally crossing two fully sequenced rice cultivars, NPB and 93-11, representing the japonica and indica subspecies of Asian cultivated rice (O. sativa L.), respectively. The authenticity of all F 1 hybrid individuals were validated by allele-specific PCR primers ( Figure S1a ). After germination, seedlings of the reciprocal F 1 hybrids and their parental lines were transplanted to Hoagland nutrient solution and grown under a 26°C day/18°C night, 16-h light/8-h dark, daily regime in a glasshouse. The leaf and root tissues were sampled from four-leaf stage seedlings after 6 weeks ( Figure S1b ), frozen immediately in liquid nitrogen and stored at À80°C until use.
ChIP-Seq library preparation and data analysis
Chromatin immunoprecipitation was performed according to an established protocol (Nagaki et al. 2003) , with slight modifications. For each genotype (NPB, 93-11 and the reciprocal F 1 hybrids, N9 and 9N), nuclei were isolated from 5 g of the leaf or root tissue, and digested with micrococcal nuclease (cat. no. N3755; SigmaAldrich, https://www.sigmaaldrich.com), respectively (giving eight samples in total). DNA was immunoprecipitated separately using the H3K4me3 (cat. no. 07-473; Millipore, http://www.merckmilli pore.com) and H3K27me3 (cat. no. 07-449; Millipore) antibodies. The 150-bp pair-end ChIP-Seq libraries with an average insert size of 300 bp were constructed and then sequenced on the Illumina HiSeq2500 platform, as described by Lister et al. (2009) . In total, 920 Mb clean reads have been obtained from all samples studied, and the detailed information was listed in Table S1 . The in silico 'hybrids' were constructed by mixing both parental ChIP-Seq reads at a ratio of NPB/93-11 = 1 : 1.
Clean data for each genotype were aligned against the rice reference MSU7.0 genome (http://rice.plantbiology.msu.edu/) using BOWTIE 2 (Langmead and Salzberg, 2012) . The mapping results (in an SAM file) were converted to BAM format using SAMTOOLS (Li and Durbin, 2009) , and only uniquely mapped reads were used for further analysis. The peaks were called using MACS (Hung and Weng, 2016) with default parameters (-m 10,30; -bw 150; P < 0.00005). The differentially modified peaks were analyzed and normalized using the EDGER package in the R language environment. Each peak adjusted by false discovery rate (FDR)-controlled q < 0.05 was defined as a differentially modified peak.
For allele-level ChIP-Seq analysis, BAM files were submitted to SNPSPLIT (http://www.bioinformatics.babraham.ac.uk/projects/ SNPsplit/). The NPB-specific reads and 93-11-specific reads were separated from the total BAM files and used for further analysis. For both histone markers, allele-specific genomic regions in the in silico 'hybrid' or F 1 hybrids were interrogated by chi-square test and FDR-controlled q < 10 À5 , and were defined as allele-specific modifications (N > 9 or N < 9).
RNA-sequencing and data analyses
Total RNAs were extracted using Trizol reagent (Invitrogen, now ThermoFisher Scientific, https://www.thermofisher.com) and sequenced by the HiSeq2500 platform. The 150-bp pair-end RNAseq libraries with an average insert size of 300 bp were constructed and then sequenced on the Illumina HiSeq2500 platform, and 687M clean reads were obtained (Table S1 ). Clean reads were mapped to the reference MSU7.0 rice genome (http://rice.plantbiol ogy.msu.edu/) using TOPHAT 2 (Trapnell et al., 2012) with default parameters. Only unique mapped reads were used for analysis. The gene expression of each sample was quantified and normalized by RPKM (reads per kilobase genic region per million mapped reads) using the EDGER package. The DEGs were defined using the EDGER package with FDR-controlled q < 10 À5 . For allele-level gene expression analysis, we use the same method as previously reported by Xu et al. (2014) . Similar to the analysis in allele-level ChIP-Seq data, allele-specific gene expression in the in silico 'hybrid' or F 1 hybrids was also examined by chi-square test and FDR-controlled q < 10 À5 to define allele-specific modification (N > 9 or N < 9).
Quantitative PCR and locus-specific pyrosequencing
Real-time quantitative (q)PCR and pyrosequencing were performed to quantify the ChIP-Seq results of total and allele-level histone modifications. In total, we selected 44 modificationenriched genomic regions (22 for each marker) as targeted loci for both (q)PCR and pyrosequencing analysis. The ChIP-DNA sample for the in silico 'hybrid' was made with a mixture of parental ChIP-DNA in a ratio of NPB/93-11 = 1 : 1. The ChIP-DNA samples of the in silico 'hybrid' and reciprocal F 1 hybrids were subjected to qPCR analysis using gene-specific primers (Table S3 ). The qPCR reaction conditions were 1 min at 95°C and 40 cycles of 5 s at 95°C and 60 s at 60°C. To evaluate the reliability of allele-level histone modification results from ChIP-Seq, allelic genomic region pairs were examined by locus-specific ChIP-pyrosequencing (Zhang et al., 2013) using PyroMark TM (Biotage AB, https://www.b iotage.com). The primers used for pyrosequencing were listed in Table S4 .
Gene ontology analysis
Open-source agriGO 2.0 (http://systemsbiology.cau.edu.cn/agri GOv2) was performed, and a GO term enrichment test was completed using a hypergeometric test, in which the GO term with FDR-controlled q < 0.05 was defined as the significantly enriched GO category.
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